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To evaluate whether the rectal route of immunization may be used to provide appropriate protection against
enteric pathogens such as rotaviruses (RV), we studied the antibody response and the protection induced by
rectal immunization of mice with RV virus-like particles (VLP). For this purpose, 6-week-old BALBc mice were
rectally immunized twice with RV 8-2/6/7-VLP derived from the bovine RV RF81 strain either alone or
combined with various adjuvants including four toxins [cholera toxin (CT) and three attenuated Escherichia
coli-derived heat-labile toxins (LTs), LT(R192G), LT(R72), and LT(K63)] and two Toll-like receptor-targeting
adjuvants (CpG and resiquimod). Six weeks after the second immunization, mice were challenged with murine
RV strain ECw. RV VLP administered alone were not immunogenic and did not protect mice against RV
challenge. By contrast, RV VLP combined with any of the toxin adjuvants were immunogenic (mice developed
significant titers of anti-RV immunoglobulin A [IgA] in both serum and feces and of anti-RV IgG in serum)
and either efficiently induced complete protection of the mice (no detectable fecal virus shedding) or, for
LT(K63), reduced the amount of fecal virus shedding after RV challenge. When combined with RV VLP, CpG
and resiquimod failed to achieve protection, although CpG efficiently induced an antibody response to RV.
These results support the consideration of the rectal route for the development of new immunization strategies
against RV infection. Rectal delivery of a VLP-based vaccine might allow the use of adjuvants less toxic than,
but as efficient as, CT.

Rotaviruses (RV) are the leading cause of viral gastroenter-
itis in young children worldwide and are responsible for more
than 500,000 deaths per year in developing countries (40). The
high mortality rate in developing countries and the heavy social
and economical burden in industrialized countries due to RV
infections underline the need for the development of an effi-
cient vaccine. Every candidate RV vaccine that has been de-
veloped to date has consisted of orally delivered, live attenu-
ated RV strains or reassortants (8, 9, 14, 20, 36, 54, 56). Most
of these vaccines confer significant protection against severe
diarrhea but only limited protection against RV infection or
mild symptoms. Moreover, live vaccines can be associated with
various adverse effects, intussusception being the most severe
(33). Thus, the development of new safe vaccine strategies
based on nonliving RV should be considered.

Virus-like particles (VLP) are nonreplicating structures that
mimic virus counterparts in morphology and immunogenicity
and could be safe and efficient vaccine candidates. Parenteral
immunization with RV VLP has been shown to induce immu-

nogenicity and protection in animal models, particularly in the
mouse model (7, 11, 30). However, RV is commonly transmit-
ted via the fecal-oral route and infects intestinal epithelial
cells. Thus, vaccine strategies inducing effective intestinal mu-
cosal immunity responses should be suitable against this patho-
gen and need to be assessed. RV VLP can be delivered via
various mucosal routes of administration in order to induce
mucosal effectors. When delivered via the oral route, which is
common and handy for vaccine administration, RV VLP in-
duce weak immune responses and do not protect against in-
fection (3, 49). When administered by the nasal route, RV
VLP efficiently induce both local and systemic specific immune
responses in mice (6, 29, 34, 35) and gnotobiotic pigs (21).
However, because of the regional specialization in the mucosal
immune system, nasally primed lymphoid cells home mainly to
the upper respiratory tract and the urogenital tract and home
little to the gut, which is the site of RV infection (4). Further-
more, intranasally administered RV VLP require the use of a
potent mucosal adjuvant such as cholera toxin (CT) to induce
strong protective immunity. Under these conditions, both an-
tigen and CT have been reported to be located in the neural
epithelium of the olfactory bulb (17). Thus, the nasal route
may potentially lead to neurological side effects, precluding its
use in humans. Consequently, the assessment of an alternate
mucosal route of administration of RV vaccines is needed. The
rectal route has been recently proposed for immunization
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against several pathogens such as Mycobacterium bovis (1, 28),
hepatitis A virus (32), and human immunodeficiency virus
(HIV) (2, 22, 52), and it should be considered for enteric
pathogens such as RV as it may induce appropriate immune
effectors in the intestinal mucosa.

In this study, we investigated the protection and humoral
immune responses induced by rectal immunization of mice
with 8-2/6/7-VLP either alone or combined with different types
of adjuvants which could be considered for further use in
humans. This is the first report showing the efficiency of the
rectal route at immunizing and protecting mice against an
enteric pathogen. Our results indicate that RV VLP adminis-
tered intrarectally should be considered for further RV vaccine
development.

MATERIALS AND METHODS

VLP production. The production of RV VLP in the baculovirus expression
system has been previously described in detail (5). All RV proteins used for VLP
synthesis were obtained from bovine RV strain RF81 (group A, G6, P7[5]).
Because VLP including VP4 on the outer shell could not be produced in suffi-
cient quantities and because such VLP were not stable, we took advantage of the
dispensable position 1 to 92 first amino-terminal domain of VP2 and replaced it
with VP8, a cleavage product of VP4 containing immunogenic determinants (5).
The sequence encoding the VP8-2 fusion protein was cloned into baculovirus
vector pFASTBAC1 (Gibco, Paisley, United Kingdom). 8-2/6/7-VLP were pro-
duced from the coinfection of Sf9 insect cells (approximately 5 PFU/cell) with
three recombinant baculoviruses expressing VP8-2, VP6, and VP7, respectively.
VLP were purified from infected Sf9 cell cultures by density gradient centrifu-
gation in cesium chloride (CsCl), and the protein concentration of the VLP
preparations was determined with a micro bicinchoninic acid protein assay kit
(Pierce, Rockford, Ill.) (41). Protein content of the purified VLP was determined
by polyacrylamide gel electrophoresis with Coomassie blue staining and Western
blotting. Polyclonal antibody 8143 raised in a rabbit against purified bovine RV
was used in Western blotting experiments. 8-2/6/7-VLP are as stable as 2/6/7-
VLP and can be kept at 4°C in CsCl for several months without detectable loss
of viral protein.

Animals, immunization, and challenge. Six-week-old female BALB/c mice
were housed under RV-free conditions until RV challenge. Mice were identified
in order to follow each mouse individually along the study and to establish
correlation between immune responses and protection. During the challenge,
groups of mice were housed in an A3 animal facility (Unité d’Expérimentation
Animale Rongeurs, Jouy en Josas, France). The experimental schedule used for
immunization and challenge is shown in Fig. 1.

Before each immunization, mice were anesthetized by intraperitoneal admin-
istration of a mixture of ketamine (100 mg/kg of body weight) and xylazine (10
mg/kg). Groups of mice were vaccinated twice, at days 1 and 15, by gentle
intrarectal delivery with a micropipette tip. Twenty microliters was administered
containing 10 �g of 8-2/6/7-VLP either alone in RPMI medium (Gibco, Paisley,

United Kingdom) or mixed with an adjuvant. Two different types of adjuvant
were tested including four toxins and two Toll-like receptor (TLR)-targeting
adjuvants. In each of the groups that received toxin, seven mice were vaccinated
with 8-2/6/7-VLP mixed with 10 �g of either CT (Sigma, St. Louis, Mo.) or one
of the following three detoxified E. coli heat-labile toxins (LTs): LT(R192G),
generously provided by John Clements (13); LT(R72) (Chiron, Siena, Italy); and
LT(K63) (Chiron, Siena, Italy). In each of the groups receiving the TLR-target-
ing adjuvants, seven mice were vaccinated with 8-2/6/7-VLP mixed with either 50
�g of resiquimod (PharmaTech, Shangai, China) or 10 �g of CpG oligonucleo-
tide (51). A group of seven mice mock immunized with RPMI medium was used
as a control. Additionally, mice were immunized with each toxin adjuvant given
alone, e.g., CT, LT(R192G), LT(R72), or LT(K63) (n � 5 per group). Six weeks
after the second immunization (D60), mice were challenged by oral gavage with
104 50% shedding doses of murine RV strain ECw (Cambridge, group A, G3,
P10[16]). The stock of ECw consisted of intestinal homogenates from 4-day-old
BALB/c neonates and was titrated as previously described (47). The same stock
of ECw was used in all experiments. All procedures were performed in accor-
dance with institutional guidelines and under accreditation number 7820 from La
Direction des Services Vétérinaires, Versailles, France.

Detection and quantification of RV shedding. To assess the protective efficacy
of rectal immunization with RV VLP, virus was detected in stool samples har-
vested on the day of challenge (D60) and on days 2, 3, 4, 5 (D61 to D64), and 8
(D67) postchallenge (Fig. 1). All samples were stored at �20°C until testing.
Before being tested, stool samples were weighted, diluted in appropriate volumes
of buffer to obtain a 6% (wt/vol) suspension, and clarified by centrifugation.
Detection of group A RV antigen in mouse feces was performed with a com-
mercial enzyme-linked immunosorbent assay (ELISA) (IDEIA RV; Dako,
Cambs, United Kingdom) according to the manufacturer’s recommendations. A
sample was considered positive if the optical density at 450 nm (OD450) was �0.1
plus the mean of the OD values of the negative control wells. To quantify RV
antigen shedding, fourfold serial dilutions of CsCl-purified RF 81 (ranging from
4 �g/ml to 62.5 ng/ml) were assayed to establish a standard curve. The amount
of RV antigen shed in each stool sample was inferred from the standard curve
and expressed as nanograms of RV antigen per milliliter of sample. The assay
was sensitive enough to detect 30 ng of RV antigen per ml. For each mouse, a
total fecal virus shedding value was calculated with Microcal Origin 5.0 software
by integrating the area under the curve defined by the quantity of RV antigen of
each feces sample (y axis) over the 8-day period of feces collection (x axis). A
value of zero was assigned when no virus shedding was detected. For each group
of mice, these integrated values were used to calculate the median values of fecal
virus shedding and for statistical comparison between groups.

Detection of RV-specific antibodies. The immune response to rectal immuni-
zation with RV VLP was evaluated on the day of the first immunization (D1), 15
days after the second immunization (D30), and 15 days postchallenge (D75) (Fig.
1). Specific anti-RV immunoglobulin A (IgA) levels were quantified in saliva,
stool, and sera and specific anti-RV IgG in sera only. Saliva and stool samples
were first harvested. Blood samples were collected by retroorbital capillary
plexus puncture under general anesthesia. RV antibody titers were determined
by ELISA as previously described (47). Briefly, 96-well plates were coated with
2/6-VLP of bovine origin as the antigen (200 ng per well in carbonate buffer).
Samples to be tested were added, and plates were incubated for 2 h at 20°C. After
three washes, peroxidase-conjugated anti-mouse IgA (Caltag Laboratories, Bur-
lingame, Calif.) or anti-mouse IgG heavy- and light-chain (Jackson Immuno-
Research, West Grove, Pa.) antibodies were added to the plates for 1 h and then
the plates were washed. The o-phenylenediamine peroxidase substrate was used
for revelation. A sample was considered positive if the OD450 of the sample well
was �0.1 plus the mean of the OD values of the negative control wells. To
calculate RV IgA and IgG antibody titers, standard curves were established with
serial dilutions of sera with known IgA and IgG titers. For each sample, IgA and
IgG antibody titers were inferred from the OD450 values with the corresponding
standard curve. Samples with OD450 values outside the linear range of the
standard curve were retested at higher dilutions. For each group of mice, IgA
and IgG geometric mean titers (GMTs) were calculated with titers of 50 and 5
for IgG-negative (�100) and IgA-negative (�10) samples, respectively.

In order to evaluate neutralizing antibodies against the RF strain of RV in
mouse sera, a plaque reduction assay with MA104 cells was used as previously
described (43).

Statistical analysis. Statistical analysis was performed with StatView software
(SAS Institute), version 4.2, by using nonparametric tests. The number of non-
shedding mice and the number of mice with detectable antibody responses in
each vaccinated group were compared to the mock-immunized group with the �2

test. The Mann-Whitney U test was used to compare antibody titers and virus

FIG. 1. Experimental schedule. Mice were rectally immunized
twice (D1 and D15) with 8-2/6/7-VLP of bovine origin, either alone or
in combination with adjuvant, and challenged with 104 50% shedding
doses of murine RV strain ECw 6 weeks after the second immuniza-
tion (D60). RV-specific antibodies were measured by ELISA on saliva,
stool, and serum samples on the day of immunization (D1), 15 days
after the second immunization (D30), and 15 days postchallenge
(D75). Virus antigen was detected by ELISA in stool samples har-
vested on the day of challenge (D60) and on days 2, 3, 4, 5 (D61 to
D64), and 8 (D67) postchallenge.
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shedding (expressed as the area under the curve) between groups. A P value of
�0.05 was considered significant.

RESULTS

Antigen production. 8-2/6/7-VLP of bovine origin were pro-
duced as plate form particles including a large representation
of RV antigens, namely, inner shell protein VP2 fused to the
VP8 determinant, major capsid protein VP6, and outer shell
protein VP7. VP8 fused to VP2, VP6, and VP7 readily assem-
bled and produced properly formed 8-2/6/7-VLP, as judged by
electron microscopy (data not shown). Coomassie blue staining
and Western blot analysis of purified 8-2/6/7-VLP preparations
confirmed the presence of the expected structural proteins in
the VLP (Fig. 2).

Rectal immunization with RV VLP protects mice against
heterologous RV challenge. In order to determine the fecal RV
shedding profile after RV infection, five mice were experimen-
tally infected with murine RV (strain ECw). Fecal RV shed-
ding was investigated each day over the 8-day period postin-
fection. Fecal RV shedding showed a reproducible profile (Fig.
3A). At days 6 and 7, only low levels of RV antigens were
detectable, and at day 8, RV shedding was negative. In the
subsequent experiments, fecal RV shedding was investigated
on days 1 to 5 (D60 to D64) and on day 8 (D67) to confirm that
fecal virus shedding became negative. To examine whether

8-2/6/7-VLP administered rectally affords protection and
whether the nature of the adjuvant influences the protective
efficacy, adult BALB/c mice were rectally immunized twice
with 8-2/6/7-VLP of bovine origin, either alone or in combina-
tion with seven different adjuvants, and challenged with heter-
ologous ECw murine virus 6 weeks after the second immuni-
zation (D60). The number of protected mice in each group is
given in Table 1 [one mouse each in the CT and LT(R72)
groups and two mice in the resiquimod group died before the
challenge]. The amount of fecal virus shedding, expressed as
the area under the curve of RV antigen shed each day, over the
8-day period of feces collection is shown Fig. 3B. The groups of
mice mock immunized with RPMI medium alone or in com-
bination with a toxin adjuvant (CT or LTs) were used as con-
trols, and as expected each mouse in these groups shed RV
after challenge. Pairwise comparison of fecal virus shedding

FIG. 2. Analysis of 8-2/6/7-VLP protein content. 8-2/6/7-VLP of
bovine RV origin were produced in the baculovirus expression system
and purified from infected insect cell cultures by density gradient
centrifugation in CsCl. Protein content of the purified VLP was ana-
lyzed by polyacrylamide gel electrophoresis with Coomassie blue stain-
ing (A) and Western blotting (B) with antiserum 8143 directed against
bovine RV. 2/6/7-VLP and 8-2/6-VLP were used as controls. The
positions of molecular size markers and locations of the individual RV
proteins are indicated on the left and right, respectively. VP2* indi-
cates a VP2 degradation product usually observed in VLP containing
the VP2 and VP8-2 proteins.

FIG. 3. Fecal virus shedding after murine RV infection. (A) Nor-
mal fecal RV shedding profile of five mice experimentally infected with
murine RV. Stool samples were collected each day after infection
during an 8-day period. RV antigen was quantified in mouse feces with
an ELISA. (B) Fecal virus shedding in vaccinated mice after RV
challenge. The amount of fecal virus shedding by each mouse was
calculated by integrating the area under the curve defined by the
quantity of RV antigen in each fecal sample over the 8-day period of
feces collection. Formulations of vaccine are indicated along the x axis.
For groups including shedding mice, bars show the median fecal virus
shedding values and the interquartile range.
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was performed between each vaccinated group and the mock-
immunized group by the Mann-Whitney U test. Rectal immu-
nization with 8-2/6/7-VLP alone neither efficiently protected
mice against RV challenge (virus shedding remained detect-
able in every mouse) nor efficiently reduced the amount of
fecal virus shedding compared to mock-immunized mice.
When 8-2/6/7-VLP was administered in combination with CT,
every mouse was free from virus shedding, indicating that com-
plete protection was achieved. However, since CT is potentially
toxic and thus unsuitable for human use, we evaluated three
partially detoxified heat-labile E. coli toxins that could be used
in humans. When combined with 8-2/6/7-VLP, two of these
adjuvants, LT(R192G) and LT(R72), induced complete pro-
tection, with no mouse shedding RV. LT(K63) combined with
8-2/6/7-VLP was efficient enough to protect five mice out of
seven (P � 0.0256, chi square test) and to reduce the amount
of fecal virus shedding (P � 0.0021, Mann-Whitney U test). It
is noteworthy that none of the toxin adjuvants (CT or LTs)
given alone reduced the amount of fecal virus shedding (data
not shown). Regarding the efficacy of the TLR-targeting adju-
vants, CpG induced protection in only one out of seven mice
and resiquimod in one out of five mice. Although some mice in
these groups excreted smaller amounts of virus in stool, no
significant difference was evidenced in comparison with mock-
immunized mice.

Taken together, our results indicate that rectal delivery of
RV VLP combined with the appropriate adjuvants, CT or the
LTs, either efficiently induces complete protection of mice or
reduces fecal virus shedding after heterologous RV challenge,
depending on the adjuvant used. Furthermore, diarrhea, which
could be an adverse effect of CT or LT, was observed in no

mouse, suggesting that these adjuvants are well tolerated at the
doses used when delivered by the rectal route.

The humoral immune response induced by rectal adminis-
tration of 8-2/6/7-VLP was then evaluated and compared to the
protection conferred.

Rectal administration of RV VLP induces specific mucosal
and systemic humoral immune responses. To evaluate the
humoral immune responses induced by two rectal administra-
tions of 8-2/6/7-VLP alone or in conjunction with an adjuvant,
serum IgG and saliva, fecal, and serum IgA RV antibodies
were measured by ELISA with 2/6-VLP as the coating antigen
on the day of the first immunization (D1) and 15 days after the
second immunization (D30).

No mouse had detectable mucosal or systemic RV antibod-
ies on the day of the first immunization (D1). In addition, every
mock-immunized mouse remained negative for RV antibodies
at D30. These observations confirmed that during these assays,
mice housed under RV-free conditions were not exposed to
the pathogen.

Humoral responses, expressed as the numbers of mice with
detectable RV antibodies, at D30 (�10 for IgA and �100 for
IgG) are given in Table 2, and the RV antibody titers are
shown in Fig. 4.

Compared to mock-immunized mice, rectal administration
of 8-2/6/7-VLP alone did not induce any significant RV anti-
body response in either the IgA or the IgG class. By contrast,
a significant number of mice which had received 8-2/6/7-VLP
with either CT, LTs, or CpG as an adjuvant developed fecal
IgA, serum IgA, and serum IgG RV antibody responses. Ad-
ditionally, pairwise comparisons of RV antibody titers indi-
cated that fecal IgA, serum IgA, and serum IgG RV antibody

TABLE 1. Protection against murine RV challenge conferred by two rectal immunizations with RV VLP

Immunogen None (RPMI
medium) 8-2/6/7-VLP

Adjuvant None Any
toxina None CT LT(R192G) LT(R72) LT(K63) CpG Resiquimod

No. of nonshedding mice/
total no. of miceb

0/7 0/20 0/5 6/6 7/7 6/6 5/7 1/7 1/5

Pc NSd 0.0023 0.0013 0.0023 0.0256 NS NS

a Mice were immunized with each of the following toxin adjuvants given alone: CT, LT(R192G), LT(R72), or LT(K63) (n � 5 per group).
b From the groups of mice vaccinated with VLP, one mouse each in the CT and LT(R72) groups and two mice in the resiquimod group died before challenge.
c Significance of the chi square test between vaccinated and mock-immunized (no VLP) groups.
d NS, no significant difference.

TABLE 2. RV antibody responses of mice after rectal immunization with RV VLP

Immunogen None (RPMI
medium) 8-2/6/7-VLPb

Adjuvant None None CT LT(R192G) LT(R72) LT(K63) CpG Resiquimod

No. of micea with:
Saliva IgA 0 0 3 7** 1 0 2 2
Stool IgA 0 0 7** 7** 7** 7** 5* 5*
Serum IgA 0 2 6** 7** 7** 5* 5* 2
Serum IgG 0 1 7** 7** 6** 5* 5* 3
Total no. of mice 7 5 7 7 7 7 7 6

a Number of mice with a detectable IgA (�10) or IgG (�100) RV antibody response 15 days after the second immunization (D30).
b Significant differences between vaccinated and mock-immunized groups (RPMI medium) as measured by the chi square test: *, 0.01 � P � 0.03; **, 0.001 � P �

0.01.
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titers were significantly higher in these vaccinated groups than
in the mock-immunized group but were not significantly dif-
ferent among the vaccinated groups.

In the resiquimod group, a significant IgA response was
detected in stool but not in serum. Furthermore, although
serum IgG RV antibody titers were significantly higher than in
the mock-immunized group, three out of six mice had no
detectable IgG response. Thus, it was considered that immu-

nization with 8-2/6/7-VLP combined with resiquimod did
not effectively induce an RV antibody response. Lastly,
LT(R192G) was the only adjuvant for which a significant IgA
RV antibody response was detected in saliva. Taken together,
these results indicate that rectal vaccination with RV VLP in
combination with any of the toxins and CpG adjuvants effi-
ciently induced a mucosal and systemic humoral immune re-
sponse against RV.

We further evaluated whether, and to what extent, RV in-
fection could boost the RV antibody response in vaccinated
mice compared to naive mock-immunized mice. For that pur-
pose, RV antibody responses (serum IgG and saliva, fecal, and
serum IgA) were tested 15 days after challenge (D75) in the
groups where CT, LTs, CpG, and resiquimod had been used as
adjuvants and where a significant RV antibody response at
D30 had been demonstrated. RV antibody titers were com-
pared to those obtained for naive mock-immunized mice after
murine RV infection (Fig. 5). In groups vaccinated with RV
VLP in combination with any of the toxins or TLR adjuvants,
saliva IgA and serum IgG RV antibody titers were significantly
higher than those in the mock-immunized group, for which the
antibody response was only related to RV infection. Fecal and
serum IgA RV antibody titers were also significantly higher,
except for fecal IgA in the LT(R72) group and for fecal and
serum IgA in the resiquimod group. Furthermore, pairwise
comparison between IgA or IgG RV antibody titers before
(D30) and after (D75) challenge indicated a significant in-
crease (Mann-Whitney U test, P � 0.05) in saliva, fecal, and
serum RV antibody titers in every vaccinated group (compare
Fig. 4 to Fig. 5). These results indicate that, in most cases, the
mucosal and systemic humoral immune response is boosted
after RV infection in mice previously immunized by the rectal
route with RV VLP combined with an appropriate adjuvant,
with resiquimod being the least effective of the adjuvants
tested.

Correlation between protection and humoral immune re-
sponses. The correlation between the humoral immune re-
sponse at D30 and protection status after RV challenge was
evaluated individually for each mouse vaccinated with RV
VLP alone or combined with an adjuvant. Table 3 shows the
number of mice protected against RV challenge (as judged by
RV detection in stool samples) compared to the number of
nonprotected mice according to the RV antibody responses. A
significant correlation was found between protection against
RV challenge and fecal or serum IgA or serum IgG RV anti-
body responses obtained 2 weeks after the second rectal im-
munization (D30). Furthermore, pairwise comparison of RV
antibody titers at D30 indicated that saliva, fecal, and serum
IgA and serum IgG RV antibody titers were significantly
higher in protected than in nonprotected mice (Fig. 6).

The correlation between humoral immune responses and
protection against RV infection is consistent with the fact that
rectal vaccination with RV VLP combined with CT or LTs
induces significant mucosal and systemic RV antibody re-
sponses and confers protection, whereas vaccination with RV
VLP alone or in combination with resiquimod induces little or
no RV antibody response and does not protect against RV
challenge. However, the correlation between RV antibody and
protection is only relative, since mice vaccinated with RV VLP
combined with CpG developed significant fecal IgA and serum

FIG. 4. GMTs of RV-specific antibodies after rectal immunization
with 8-2/6/7-VLP. RV antibodies were tested by ELISA 15 days after
the second rectal immunization. IgA and IgG RV antibody titers were
determined for individual mice and used to calculate the GMT for
each group of mice. For IgA-negative (�10) and IgG-negative (�100)
samples, titers of 5 and 50, respectively, were used to calculate the
GMT. (A) IgA GMT in saliva (black), stool (gray), and serum (white)
samples. (B) IgG GMT in serum samples. For each group, formula-
tions of vaccine are indicated along the x axis. Mice mock immunized
with RPMI medium were used as a control. Error bars indicate stan-
dard errors of the geometric means. Asterisks indicate significant dif-
ferences in pairwise comparisons of RV antibody titers between vac-
cinated and mock-immunized groups (Mann-Whitney U test, P �
0.05).
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IgA and IgG RV antibody responses, even though this vaccine
conferred no protection. Considering that mice were immu-
nized with VLP of bovine RF strain origin which are serotypi-
cally unrelated to the challenge murine ECw strain, protection
was not expected to be mediated by neutralizing antibodies in
this model. To further investigate this point, we looked for
neutralizing antibodies against RF in the serum of mice vac-
cinated with the protective vaccine formula (8-2/6/7-VLP in
combination with CT or LTs) by a plaque reduction assay. This
assay failed to evidence significant neutralization activity
against the RF strain. Alternatively, we evaluated the protec-
tion conferred by the rectal administration of 2/6-VLP in com-
bination with CT. Indeed, if neutralizing antibodies were the
effector of protection, one would expect no protection with
2/6-VLP which lack VP7 and VP8 antigens. Following the
same experimental schedule and conditions as for 8-2/6/7-VLP,
rectal administration of 2/6-VLP in combination with CT con-
ferred complete protection, since no mouse (n � 5) shed RV
antigen in stool after challenge. Taken together, these results
indicate that the immunogenicity of RV VLP when delivered
via the rectal route is necessary but not sufficient to confer
protection against RV. Furthermore, protection conferred by
rectally administered RV VLP is probably not related to neu-
tralizing antibodies in this model.

DISCUSSION

We show here for the first time that rectal administration of
RV 8-2/6/7-VLP combined with an appropriate adjuvant can
induce high levels of mucosal and systemic anti-RV antibodies,
as well as full protection against a high-dose heterologous RV
challenge. We also show how critical the selection of an ap-
propriate adjuvant can be and determined that detoxified, E.
coli-derived toxins provide the highest levels of protection.
Thus, the rectal route may be considered to be excellent for
RV VLP vaccination, as it is not only extremely efficient but
also probably very safe. VLP delivery via the rectal route has
much better efficacy than that reported for delivery via the oral
route (35). Oral administration has been proven to be poorly
immunogenic for nonreplicating RV structures, requiring re-
peated administration of large quantities (hundreds of micro-
grams) of viral proteins together with adjuvants and providing
only partial protection (6, 35). Degradation by gastric and
intestinal secretions, dilution in the intestinal fluids, poor sam-

FIG. 5. GMTs of RV-specific antibodies after RV challenge. RV-
specific antibodies were measured by ELISA 15 days after challenge
with the heterologous murine RV (D75). IgA and IgG GMTs were
calculated as for Fig. 4. (A) IgA GMT in saliva (black), stool (gray),
and serum (white) samples. (B) IgG GMT in serum samples. For each
group, formulations of vaccine are indicated along the x axis. Mice
mock immunized with RPMI medium and challenged with murine RV
were used as a control. Error bars indicate standard errors of the
geometric means. Asterisks indicate significant differences in pairwise
comparisons of RV antibody titers between vaccinated and mock-
immunized groups (Mann-Whitney U test, P � 0.05).

TABLE 3. Correlation between humoral immune responses and protection in vaccinated mice

Parameter

No. of micea with:

Saliva IgA Fecal IgA Serum IgA Serum IgG

Positive
(�10)

Negative
(�10)

Positive
(�10)

Negative
(�10)

Positive
(�10)

Negative
(�10)

Positive
(�100)

Negative
(�100)

No. of miceb:
Protected 11 15 26 0 25 1 24 2
Nonprotected 3 14 9 8 6 11 7 10

P (chi square test) NSc �10�3 �10�4 �10�3

a RV-specific antibodies were measured 15 days after the second immunization (D30).
b Protection as judged by RV detection in stool samples over the 8-day period after RV challenge: protected, negative for RV; nonprotected, at least one stool sample

positive for RV.
c NS, no significant difference.
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pling via Peyer’s patches, and a strong propensity for tolerance
induction in the gut may all be parameters that contribute to
the limited efficacy of the oral route. Rectal route delivery of
VLP induces immunity and protection in mice with an effi-
ciency similar to that reported for the nasal route, which, to
date, is considered the most efficient (6, 10, 34, 35). Notably,
our findings indicate that limited amounts (10 �g) of RV VLP
given twice rectally with an adjuvant are sufficient to be immu-
nogenic and to confer protection in mice.

Little is known about the mechanisms by which rectal im-
munization can induce immunity and confer protection against
a pathogen. The rationale for rectal immunization is mainly
based on the observation that the rectal mucosa possesses
lymphoepithelial structures (solitary follicles) that resemble
mucosal inductive sites found in the gut-associated lymphoid
tissue (48). Solitary follicles are suitable and effective inductive
sites in several species, including mice (1, 32), large animals
(48), and humans (26). Additionally, the rectal route might
benefit from little enzymatic degradation and minimal fluid
dilution of the delivered antigen. Rectal immunization can
induce an antibody response in intestinal (24) and rectal (26)
fluid secretions in humans, as well as in gastric secretions in
mice (25). In mice, rectal immunization with alum-adsorbed,
inactivated hepatitis A vaccine induces stronger systemic and
local responses than parenteral immunization (32). In various
animal models, rectal immunization with HIV synthetic pep-
tide or HIV DNA-based vaccines is efficient at inducing hu-
moral and cellular immune responses and protection (2, 22,
52). Furthermore, in humans, rectal immunization with Salmo-
nella enterica serovar Typhi Ty21A (24) and with the CT B
subunit (44) generates specific antibody-secreting B cells that
mostly express the �4	7 mucosal homing integrin while only a
minority of B cells express the peripheral L-selectin homing
molecule. A similar profile has been reported for RV-specific
B cells during natural RV infection in children (23). By con-

trast, it was recently shown that intranasal immunization with
2/6-VLP did not induce a significant number of RV-specific B
cells with an intestinal homing profile (38). In our model, most
of our vaccine regimens induced coproantibodies to RV. In
addition, the detection of systemic and saliva anti-RV antibod-
ies also suggests that B-cell homing is not restricted to the
intestine. Thus, the rectal route of immunization may be the
most suitable for locating immune effectors in the intestinal
tract.

In order to induce an immune response to and protection
from RV via the rectal route, proper adjuvants were manda-
tory. When administered alone, 8-2/6/7-VLP were not immu-
nogenic at the dose used. Under the same conditions, VLP
delivered by the nasal route could be immunogenic but did not
provide significant protection (35). Differences in VLP immu-
nogenicity between the rectal and other mucosal routes in
adult BALB/c mice might be due to the properties of sampling
cells (M cells) or of antigen-presenting cells in the rectal lym-
phoepithelial structures (39). According to their anatomical
location in the intestine, M cells harbor distinct complex car-
bohydrate structures that may modify their transcytosis efficacy
(18). In addition, the antigen-presenting cells from different
tissues may require distinct molecular signals for recruitment,
antigen sampling, and processing and may induce immune
effectors of diverse efficiency for protection against RV. Our
results suggest that the rectal inductive structure may not be
equipped to immunoreact directly with RV VLP and may react
differently depending on the type of adjuvant. CT and LT-
derived bacterial toxins are potent adjuvants that bind the
GM1 receptor, temporally increase mucosal permeability (53),
and recruit and activate antigen-presenting cells by increasing
expression of major histocompatibility complex class II and
costimulatory (CD80, CD40) molecules (57). All the bacterial
toxins [CT, LT(R92G), LT(R72), and LT(K63)] that we used
in combination with RV VLP were efficient at inducing immu-

FIG. 6. RV antibody titers in vaccinated mice according to their protection status. For each mouse vaccinated with RV VLP, either alone or
combined with an adjuvant, saliva, stool, and serum IgA (A) and serum IgG (B) RV antibody titers obtained 15 days after the second rectal
immunization (D30) are plotted against the protection status after a murine RV challenge. Bars indicate GMTs and the standard errors of the
geometric means. P values obtained by the Mann-Whitney U test for pairwise comparisons of RV antibody titers between protected and
nonprotected mice are indicated in each panel.
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nity and protection against RV, indicating that these adjuvants
may find appropriate receptors (such as GM1) in the rectal
environment. Importantly, the partially detoxified toxins
LT(R192G) and LT(R72) induced full protection, as did CT.
LT(R192G) maintained the highest level of toxic activity (45)
and was also the most potent at inducing local and systemic
immunity after rectal administration. Conversely, LT(K63) to-
tally lacks ADP-ribosylating activity and was less potent than
the other detoxified toxins, although it still induced significant
immune responses and protection. This is in agreement with
other reports showing that LT(K63) is a potent adjuvant via
various mucosal routes (intranasal, vaginal, and oral) (42),
although its efficacy is often reduced compared to that of
wild-type LT or LT(R72) (19). Lastly, mice vaccinated with
VLP in combination with CT or LTs did not develop diarrhea,
suggesting that the rectal route may be far less reactogenic to
toxins than the oral and nasal routes. Moreover, the safety of
wild-type heat-labile enterotoxin from E. coli (LT) has been
assessed in healthy volunteers who were rectally administered
three escalating doses of LT (5, 25, and 100 �g) (50). In this
study, no significant adverse events or clinically relevant ab-
normalities in blood count or chemistry were reported for any
of the 18 volunteers. Thus, one could hypothesize that partially
detoxified LTs, namely, LT(R192G) and LT(R72), or those
totally lacking ADP-ribosylating activity, such as LT(K63),
would not induce more adverse events than wild-type LT itself.
However, safety concerns about young infants have to be ad-
dressed. As opposed to toxins, the TLR-stimulating adjuvants
(resiquimod and CpG) did not achieve significant protection
when used together with RV VLP for rectal immunization of
mice. CpG has been reported as an effective adjuvant for
mucosal vaccination against some viruses, such as orthopox
(46) and human herpesvirus 2 (27). However, in mice, Choi et
al. have shown that CpG administered with a chimeric VP6
protein by the nasal route only confers partial protection
(74%) whereas LT(R192G) confers full protection (6). This
can be due to the Th1-biased immunity induced by CpG via the
nasal route (6), which might be inappropriate for efficient
protection against RV. Whether CpG also induces such Th1-
biased immunity when delivered via the rectal route remains to
be determined.

Immune correlates of protection against RV infection are
still controversial. In humans, serum RV antibodies do not
correlate with protection (55). In mice and piglets, protection
from infection or disease following inoculation with live virus
correlates with intestinal IgA RV antibodies (15, 58). When
RV VLP are used for immunizations, correlates of protection
depend upon the route of administration (35). Our results
indicated that, following rectal administration of RV VLP,
protection mostly correlates with fecal or serum IgA and serum
IgG. In this immunization assay, triple-layer particles were
used in order to include a large representation of RV antigens.
It has been previously shown that VLP including chimeric VP2
are able to induce specific antibodies directed to the green
fluorescent protein (5), to antigenic regions II and IV of the
RSV F protein, or to the RV VP8 protein fused to VP2 (M.
Bérois et al., submitted for publication). However, in this
study, we failed to find evidence of significant neutralization
activity against the RF strain in the serum of mice vaccinated
with a protective vaccine formula. Furthermore, we showed

that rectal administration of 2/6-VLP (lacking VP8 and VP7)
in combination with CT conferred complete protection, as
8-2/6/7-VLP in combination with CT did under the same ex-
perimental conditions. These results indicate that protection is
probably not related to neutralizing antibodies in this model
and that other factors may play an important role in the host
immune responses against RV infection. Among those factors
is the cellular immune response against RV infection. It has
been reported that protection after intranasal administration
of VP6 with LT(R192G) is dependent on CD4 T cells and not
on antibody or CD8 T cells (31). Thus, antibody may play a
small part in protection after mucosal immunization with RV
VLP and toxin adjuvants. Interestingly, it has been shown that
an HIV synthetic-peptide vaccine administered rectally with
LT(R192G) is efficient at inducing CTLs in the intestinal mu-
cosa (2, 22, 52). CTLs can also mediate passive and short-term
active protection against RV infection (12, 16, 37). Taken
together, these considerations indicate that it would be of
interest to consider the cellular immune response induced by
rectal immunization with RV VLP.

We show here that administration of RV VLP via the rectal
route, together with proper adjuvants, can protect mice against
RV infection. Further studies are needed to specify the im-
mune effectors induced by rectal immunization. Rectal vacci-
nation with RV VLP is a promising alternative to the use of
oral live RV vaccines. Such a method is painless, does not
require trained medical personal, and avoids the use of nee-
dles. The method’s efficacy, safety, and ease of use would favor
compliance, and thus there is an excellent possibility for the
broad use of rectal vaccination in young infants, who are the
main target of the RV vaccine.
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